1. Introduction {#s0005}
===============

Nowadays; one of the most active areas of research in the field of nanotechnology is the biosynthesis of nanoparticles with 1--100 nm size ([@b0115]). Ag NPs for example, could be synthesized using biological means instead of physical and chemical approaches ([@b0045]). Due to their applications in a number of areas such as agricultural production, food industries, human health and others, Ag NPs are finding more attention ([@b0130]). Biosynthesis of Ag NPs using microorganisms is cost-effective, eco-friendly, easy and fast compared with physical and chemical methods. A number of microorganisms such as bacteria, fungi, yeasts, and algae have been known to synthesize Ag NPs ([@b0115]).

Fungi are among the most eco-friendly nanoparticle synthesizers; hence, they are used in Ag NPs bio-synthesis. Several species of *Alternaria* ([@b0040]), *Aspergillus* ([@b0070]), *Fusarium* ([@b0060]), *Penicillium* spp. ([@b0125]), *Phoma* ([@b0035]), and *Trichoderma* ([@b0020]) have been reported to synthesize Ag NPs.

The success of bio-synthesized Ag NPs in controlling phytopathogenic fungi; particularly aflatoxigenic fungi; is promising in eradication or at least minimizing the mycotoxin hazards ([@b0005], [@b0025]). The aflatoxigenic seed born fungus; *Aspergillus flavus var. columnaris* is dominantly isolated from sorghum grains ([@b0135]). The use of such contaminated grains could subsequently harm the human and livestock ([@b0010]). The current work aimed to study the bio-synthesis of silver nanoparticles using grape molding *Penicillium citrinum*. However, the antifungal activity of the obtained Ag NPs was also checked against the aflatoxigenic, seed born fungus *A. flavus var. columnaris*.

2. Materials and methods {#s0010}
========================

2.1. Biomass preparation {#s0015}
------------------------

*Penicillium citrinum* used in this study has originally been isolated from grapes. Fungus was grown in 250 ml Erlenmeyer flasks each containing 100 ml liquid medium containing (g/L): KH~2~PO~4~ 7.0 g; K~2~HPO~4~ 2.0 g; MgSO~4~7H~2~O 0.1 g; (NH~4~)~2~SO~4~ 1.0 g; yeast extract 1.0 g and glucose 15.0 g. Inoculated media were incubated at 28 ± 2 °C and 180 rpm for 5 days, after which fungal biomass was separated using Whatman filter paper No. 1 and extensively washed by deionized water. The collected fungal biomass was transferred to 100 ml of deionized water in the 250 Erlenmeyer flask and further incubated at 140 rpm for 72 h in an orbital shaker. Fungal biomass was filtered again with Whatman filter paper No. 2 and the collected cell-free filtrate was subjected to biosynthesis of silver nanoparticles ([@b0095]).

2.2. Ag NPs biosynthesis {#s0020}
------------------------

An aqueous, 1.0 mM silver nitrate solution was prepared, added to the cell-free supernatant (1:1) in the reaction flask and incubated in the dark at 28 ± 2 °C in the rotary shaker (200 rpm). Cell-free filtrate (without silver nitrate) and silver nitrate solution (without cell-free filtrate) were used as negative and positive controls. All treatments were triplicated and incubated as mentioned above until the color change into yellowish was observed ([@b0095]). Color change indicates the formation of silver nanoparticles, which were purified by centrifugation (UNIVERSAL 320/320 Rat) at 9000 rpm for 14 min. The supernatant was separated and the pellet was dried at 60 °C for 24 h in the oven.

2.3. Ag NPs characterization {#s0025}
----------------------------

The Ag NPs synthesized from *P. citrinum* were characterized and confirmed in different ways. The dried pellet was initially used in the X-ray diffraction (XRD) and Energy Dispersive Spectroscopy (EDS). However, Ag NPs solution was used for transmission electron microscope (TEM) and optical absorption measurement.

The metallic nature of biosynthesized Ag NPs was analyzed using XRD ([@b0100]). An X Pert Pro diffractometer used Cu-Kα radiation at 40 KeV and 40 mA was used. However, scans were typically performed over a 2*θ* range from 10° to 85° at a speed of 0.02/s, with an aperture slit, an anti-scatter slit, and a receiving slit of 2 mm, 6 mm, and 0.2 mm, respectively. X-rays Cu-Kα wavelength was (1.54056 Å). The Ag NP structure was calculated with the help of the Full-prof and Chekcell programs ([@b0015]). The EDS combined with scanning electron microscope (SEM) was then used to quantify the compositional analysis of nanoparticles. SEM (EDS, JEOL model JSM--6380) was also used to examine surface morphology of the nanoparticles.

Ag NPs solution was sonicated for 1 h using 740 and 740X Ultrasounds Sonicator prior to optical absorption measurement using UV--Vis; Shimadzu 3101 PC spectrophotometer. The investigated wave-length range was 300--900 nm, and the incident photon flux was normal to the surface. The formation of Ag NPs was finally confirmed using JEOL1010 TEM. A few drops of Ag nanoparticle solution were dropped onto a carbon coated copper grid, and the residue was removed by a filter paper beneath.

2.4. Ag NPs antifungal test {#s0030}
---------------------------

Inhibitory effects of biosynthesized Ag NPs were tested *in vitro* against *A. flavus var. columnaris*. Tested isolate used in this experiment is aflatoxigenic and mainly isolated from sorghum grains ([@b0135]). Crude silver nanoparticles were incorporated into PDA medium to obtain 50, 100, 150 and 200 ppm concentrations. Treated media were immediately poured into sterilized 90 mm Petri dishes and inoculated with 4 mm fungal plugs after quiet solidification. Triplicated treatments of Petri plates were then incubated along with the controls at 28 ± 2 °C for 10 days. The colony diameter was measured daily and % growth inhibition was calculated compared with the control.

3. Results and discussion {#s0035}
=========================

3.1. Ag NPs biosynthesis {#s0040}
------------------------

[Fig. 1](#f0005){ref-type="fig"} shows the change of the solution color into yellowish after 2 days of incubation due to the reaction of silver nitrate with the culture supernatant. The color change indicates the production of Ag NPs ([@b0105]). However, no color change was observed in the control. Fungal extracellular enzymes are reported to play a critical role in the reduction of silver ions into Ag NPs. Gradual changes into the yellowish color generally indicate the presence of nitrate reductase enzyme that regulate Ag NPs biosynthesis ([@b0095]).Figure 1The reaction solution shows the color change in the culture filtrate with silver ions (b) compared with the control (a).

3.2. Ag NPs characterization {#s0045}
----------------------------

### 3.2.1. XRD analysis {#s0050}

[Fig. 2](#f0010){ref-type="fig"} illustrates the XRD of biosynthesized Ag NPs. The Ag NPs are clearly polycrystalline and no crystallographic impurities spurious diffraction was observed. All the reflections correspond to pure silver metal with face centered cubic symmetry. This result agrees with the findings of [@b0090] who used the XRD analysis to determine the crystalline and metallic nature of Ag NPs synthesized from *P. citrinum*.Figure 2The XRD micrograph of silver nanoparticles.

[Table 1](#t0005){ref-type="table"} shows the observed and calculated lattice parameters, cell volume, space group, and differences between them according to the PDf File No. 040783. The observed and calculated crystallographic data as well as the Miller indices (*h* *k* *l*) are shown in [Table 2](#t0010){ref-type="table"}, where *d*-spacing is the interplanar spacing, and 2*θ* is the diffraction angle. The Average grain size (*D*), dislocation density (*δ*) and strain (*ε*) for nano particles were calculated using the following equations:$$D = 0.9\lambda/\beta\cos\theta$$$$\delta = 1/D^{2}$$$$\varepsilon = \beta\cos\theta/4$$where *β* is the full--width at half--maximum of peaks and *λ* is the X-ray wavelength.Table 1The calculated lattice parameters, unit cell volume, and space group.*abcαβγ*VolumeSpace groupPDF4.0864.0864.08690909068.23*Fm*3*m*Silver4.1074.1074.10790909069.277*Fm*3*m*Table 2The calculated, observed crystallographic data and the Miller indices.*hkl*2*θ* Calc.2*θ* Abs.Difference*d*. Abs.*d*. Calc.11137.500037.9469−0.44692.39842.371220043.720044.1015−0.38152.07062.053522064.040064.1373−0.09731.45401.452131177.120077.00910.11091.23681.238322281.320081.12240.19761.18321.1856

The mean grain size, dislocation density, and strain are given in [Table 3](#t0015){ref-type="table"}. The average size of biosynthesized Ag NPs was 54.2 nm in size. Ag NPs stability and conductivity were good and the Ag NPs surface charge is negative ([@b0105]).Table 3Average grain size (*D*), dislocation density (*δ*), and strain (*ε*).Particle size *D* nm*δ* nm^−2^*ε*54.23.40 × 10^−4^6.39 × 10^−4^

### 3.2.2. EDS analysis {#s0055}

Measurement of EDS is illustrated in the [Fig. 3](#f0015){ref-type="fig"} showing the formation of pure Ag NPs. However, the mass present is about 58% from all samples. EDS profile also showed a strong silver signal along with weak carbon peaks, which may be due to the carbon tape utilized for the analysis. The intense signal at 3 KeV strongly suggested that Ag was the major element, which showed an optical absorption in this range. This finding could be attributed to changes in electron density at the surface due to collective excitation of electron that called surface plasmon resonance ([@b0075]). However, EDS spectrum revealed a clear identification of the elemental composition profile of the synthesized Ag NPs.Figure 3The EDS micrograph of biosynthesized silver nanoparticles.

### 3.2.3. TEM assay {#s0060}

[Fig. 4](#f0020){ref-type="fig"} illustrates the TEM micrograph of the biosynthesized Ag NPs. The particle size is clearly varied from 3 to 13 nm as well as good Gaussian variation is also obtained ([Fig. 5](#f0025){ref-type="fig"}). Ag NPs showed variable shape, and are mostly present in spherical nature. [@b0065] reported that TEM micrograph of Ag NPs synthesized from *P. fellutanum* showed particle size that ranged from 5 to 25 nm. Ag NPs were generally aggregated and some of them were scattered and varying in size. [@b0050] reported Ag NPs with sizes of 20--30 nm from *P. citrinum*.Figure 4The TEM micrograph of biosynthesized Ag Np.Figure 5Gaussian distribution of biosynthesized Ag Np.

### 3.2.4. Optical absorption {#s0065}

UV--Visible NIR Spectroscopy was used to analyze the biosynthesized Ag NPs. This technique uses the light in the visible, near ultra-violet and near infrared regions to cause electronic transitions in the target material. A light source of a fixed wavelength is shone through the sample and its absorption intensity measured against a background using a detector. The wavelength is then varied slightly using perhaps a diffractometer, and the process repeated until the absorption ratio for a spectrum of wavelengths is obtained. [Fig. 6](#f0030){ref-type="fig"} illustrates the optical absorption of biosynthesized Ag NPs and the wavelength peak clearly at 326 nm. The particle size (*r*) is about 1.637 nm as it is calculated from absorption peak data using Eq. [(4)](#e0020){ref-type="disp-formula"}.$$r(\mathit{nm}) = \frac{- 0.3049 + \sqrt{- 26.23012 + \frac{10240.72}{\lambda_{p}(\mathit{nm})}}}{- 6.3829 + \frac{2483.2}{\lambda_{p}(\mathit{nm})}}$$Figure 6Optical absorption of biosynthesized silver nanoparticles.

The maximum absorbance of Ag NPs solution and the strong absorbance peak shown at 420 nm confirming the presence of Ag NPs ([@b0090]). This finding could be attributed to changes in electron density at the surface of silver due to collective excitation of electron ([@b0025]). [@b0055] and [@b0050] also demonstrated that UV--Vis spectrum of Ag NPs produced by *P. citrinum* exhibited an absorption band at around 400--420 nm, suggesting the synthesis of Ag NPs by this fungus. There are a number of factors that contribute to scattering intensity including the scattering angle, the refractive index of the particle, and the distance to the particle. However, in this method, only the two factors of particle size and the wavelength of incident light will be taken into account ([@b0120]).

3.3. Antifungal activity {#s0070}
------------------------

Biosynthesized Ag NPs using *P. citrinum* in this study were successfully suppressed the *in vitro* growth of aflatoxigenic *A. flavus var. columnaris*. The fungal growth was generally decreased with the increase of the Ag NPs concentration. [Fig. 7](#f0035){ref-type="fig"} illustrates the growth of *A. flavus var. columnaris* in the PDA amended with Ag NPs. The efficacy of Ag NPs ranged from 20.28 to 50.00% and the estimated ED50 and ED95 by linear regression were 224.5 ppm and 4001.8 ppm respectively ([Table 4](#t0020){ref-type="table"}). These results confirm the findings of several researchers who demonstrated that Ag NPs had a significant effect on plant pathogenic *Rhizoctonia solani*, *Fusarium solani*, *Alternaria alternata*, *A. flavus*, *A. ochraceus* and *Aspergillus Parasiticus* ([@b0005], [@b0025], [@b0085]). Antimicrobial activity of Ag NPs had frequently been attributed to the alteration of cell wall and cytoplasm as well as membrane permeability ([@b0080]). It was also reported that fungal DNA loses its ability to duplicate following Ag^+^ treatment, as well as the synthesis of enzymes and cellular proteins, and adenine triphosphate (ATPs) could also be affected ([@b0030], [@b0110], [@b0025]).Figure 7The growth of *Aspergillus flavus var. columnaris* in the PDA amended with different doses of biosynthesized Ag NPs.Table 4Efficacy (%) of biosynthesized Ag NPs on *A. flavus var. columnaris*.50 ppm100 ppm150 ppm200 ppmED~50~ED~95~Slope ± SE20.2831.9437.7850.00224.54001.81.31 ± 8.09[^1][^2][^3]

The grape molding fungus *P. citrinum* in the present study has a capability of synthesize Ag NPs. The obtained Ag NPs were successfully inhibited by the *in vitro* growth of aflatoxigenic isolate of *A. flavus var. columnaris*. Further work is needed to confirm this efficacy against other mycotoxigenic strains and to determine the potent applicable doses.
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[^1]: ED~50~ = median effective dose.

[^2]: ED~95~ = the dose required foe desired effect in 95% of the population exposed to it.

[^3]: SE = the standard error.
